This paper presents a new advanced mathematical model for thermoelectric conversion using multi-element thermoelectric components connected in series, considering internal and external irreversibility along with temperature gradients along the flow direction. Combined with computer programming, the theoretical optimizations on the size of the thermoelectric generator (TEG) area are studied with two different flow directions for both hot and cold fluids, namely the coflow and counterflow directions, and the effects of the changing hot fluid parameters are analyzed. The results show that an optimal TEG area exists corresponding to the maximum output power for both the coflow and counterflow directions. The counterflow direction can produce more power output with a larger optimal model area than the coflow direction, yielding greater thermoelectric advantages.
Introduction
Thermoelectric generators (TEGs) present good potential applications in the conversion of low-level thermal energy into electrical power. In the case of waste heat recovery, for example, one advantage is the negligible cost of the thermal energy input. Additional advantages include energy savings and emission reduction, so low efficiency conversion is no longer the most important issue that researchers have to address. Considerable efforts in system modeling and the optimization of TEGs have been made for improving the performance of the generators. However, literature shows that most of the previous theoretical models simply treat all P-N element work as having the same working temperature [1] [2] [3] . These models do not account for the fact that, in practice, the temperature varies on TEG surface along the fluid flow direction when heat energy is continually recovered. Consequently, in the present study, a new analytical multi-element component TEG model is built for possible applications in engine waste heat recovery, which not only considers the internal and external irreversibility of the TEG system, but also accounts for the temperature variations on the TEG surface along fluid flow direction. The optimization analysis on the size of the TEG area for both coflow and counterflow directions is studied. Also, the effect of the varying parameters of fluid temperature and mass flow is studied in this paper.
TEG model
The general structure schematic of the TEG system is shown in Fig. 1(a) . The thermoelectric element can work between the hot and cold fluid channels because of a certain temperature difference produced in its two sides. In addition, according to the different flow directions of hot fluid and cold fluid, coflow and counterflow modes exist in the TEG system. Because the two modules, presented in Fig. 1(a) , work under the same conditions and perform in the same way owing to their completely symmetrical structure, only one module is used in this study. The mathematical model is illustrated in Fig. 1(b) , with all P-N couples connected in series. The coordinates (i, j) represent the numbers of lines and rows, respectively, where i = 1 to nx, and j =1 to ny. As such, the entire TEG module is divided into a total of nx multiplied by ny calculated particles, considering a single P-N as one unit. In the model calculations, the original inlet temperatures for hot fluid and cold fluid are Tfin and Tcin, respectively. Then, the outlet temperature of the former unit is used as the inlet temperature for the next unit; thus, the calculation can be performed continuously. For each small fluid unit, we use the arithmetic mean value of the inlet temperature and outlet temperature as its mean calculation temperatures, Tfav i,j and Tcav
. Then, heat is transferred from the heat source at a temperature of Tfav i,j
, and released at a temperature of Tcav i,j , which results in temperatures of Th i,j and TL i,j for the hot side and cold side of the TEG, respectively. In the model, three parts of heat transfer resistance exist, which are revealed by the heat transfer coefficients in the hot-side and cold-side heat exchanger (Kf , Kc), and the thermal conductance of the P-N couple (Kpn). The basic calculation parameters of the TEG system are listed in Table 1 . 
Power and efficiency equations
The main control equations and boundary conditions of the coflow TEG system are shown as follows, the counterflow system can be deduced from these; therefore, they will not be listed here separately. where, mf, cf, mc, and cc, are the mass flow rate of the hot fluid, specific heat capacity of the hot fluid, mass flow rate of the cold fluid, and specific heat capacity of the cold fluid, respectively. Ff and qh i,j , and Fc and qL i,j are the heat transfer surface areas and absorbed heat on the hot-side, and the heat transfer surface areas and released heat on the cold-side, respectively, for the (i,j) calculated unit. pn and Rpn separately stand for the Seebeck coefficient and electric resistance for one P-N semiconductor couple. I, P, and , are the series electric current, total power output, and conversion efficiency, respectively. , ,
, ,
Results
In the numerical calculation, air is considered as the cold fluid, with mc=20 g/s, kc=100 W/(m 2 ·K), and Tcin=30 . Moreover, it is assumed that kf =100 W/(m 2 ·K). Fig. 2 shows the change in power output with module area for different Tfin and mf, respectively. In figures, the solid line is the results with no consideration of temperature gradient, from it, the power output has a liner increase with module area increases, and it has not distinguished by coflow and counterflow direction, yet with mass flow variation. When temperature gradient is considered with dotted line marked, it is evident that the power output has a maximum value at an optimal module area which decreases when mf decreases, but shows virtually no change with Tfin. The optimal TEG module area is always smaller for the coflow direction than that for the counterflow direction when other conditions are the same. In addition, around the optimal module area, the power output increases with increase in the Tfin and mf values. According to the calculations, the counterflow direction can produce a power output more than 15% higher than the coflow direction at their separate optimal module areas. Moreover, it can be seen that the power output for the counterflow direction is always higher than that of the coflow direction in the same module area. Furthermore, a similar result was found when efficiency was compared for the two directions. Fig. 3 shows the increased percentage of power output and efficiency of the counterflow direction compared to the coflow direction, varying with module area, under different Tfin and mf. From this figure, the increased percentage is small when the actual module area is less than the theoretical coflow optimum area; however, the advantages on high power output and efficiency for counterflow direction are greater when the area is larger. Therefore, it is desirable to choose the counterflow direction, especially for the TEG system with a large module area.
Conclusions
In this study, some new features of TEG system with temperature gradient consideration are verified. The power output and efficiency increase with an increase in Tfin and mf, an optimal module area exists corresponding to the maximum output power, which changes with mf but not with Tfin, and is smaller for the coflow system compared to the counterflow system. Moreover, the counterflow system can produce more power output than coflow system, especially for the TEG system with a large module area. The study provides further guidance for structure optimization design in thermoelectric conversion systems. 
